We investigated the expression, degree of phosphorylation, and activation of the proto-oncogene c-kit product before and after stimulation with the c-kit ligand in a human factor-dependent myeloid leukemia cell line, M07E. The culture supernatant of the BALB/3T3 fibroblast cell line, which contains the ligand for the murine c-kit product, was found to stimulate proliferation of the M07E cell line in a dose-dependent manner. The proliferation was significantly inhibited by a tyrosine kinase inhibitor, genistein. An immunoblot technique with a monoclonal antibody specific for phosphotyrosine, showed that there was rapid, dose-HE PROTO-ONCOGENE c-kit encodes a transmem-T brane tyrosine protein kinase receptor, which belongs to a family that includes the receptors for platelet-derived growth factor (PDGF) and colony-stimulating factor-1 (CSF-I).'.' The c-kit gene has been determined to be allelic with the dominant white spotting locus ( W ) on chromosome 5 of the Mutations at the W locus affect various aspects of melanogenesis, gametogenesis, and hematopoiesis.' In murine hematopoiesis, Wmutations affect the stem cell compartment, distinctive cell populations in the erythroid lineage, as well as mast c e k 6
T brane tyrosine protein kinase receptor, which belongs to a family that includes the receptors for platelet-derived growth factor (PDGF) and colony-stimulating factor-1 (CSF-I).'.' The c-kit gene has been determined to be allelic with the dominant white spotting locus ( W ) on chromosome 5 of the Mutations at the W locus affect various aspects of melanogenesis, gametogenesis, and hematopoiesis. ' In murine hematopoiesis, Wmutations affect the stem cell compartment, distinctive cell populations in the erythroid lineage, as well as mast c e k 6 The ligand for the product of the c-kit gene has recently been cloned as a new growth factor, and has been variously named stem cell factor (SCF),7-9 mast cell growth factor (MGF),'"-'* kit ligand ( K L ) , l 3 . I 4 or steel factor (SLF)." The gene coding for this new growth factor was mapped to the steel (Sl) locus of the m o~s e ,~' "~'~"~ and was shown to be active both in membrane-bound form and in soluble form." Some fibroblast cell lines were reported to secrete this new growth fa~tor.','~.~'.'~ The human c-kit gene, an equivalent of the W locus, is considered to play an important role in the regulation of both normal and leukemic hematopoietic stem cell growth, but no direct evidence has been presented that c-kit is involved in the proliferation of human leukemia cells.
In this study, we investigated the expression and extent of phosphorylation of c-kit product in a human factordependent myeloid leukemia cell line (M07E) in response to the ligand for c-kit product. It was demonstrated that the Exponentially growing M07E cells were washed three times with RPMI 1640 medium, and incubated in ASF-102 medium for 18 hours at 37°C to eliminate serum and growth factors. The cells (lo' cells suspended in 1 mL of ASF-102 medium) were then exposed to F-CM, SCF, or GM-CSF at 37°C for various periods (mostly 15 minutes). After stimulation, cells were washed with cold PBS and immediately lysed in 100 p,L of lysis buffer (20 mmol/L Tris-HCI, pH 8.0, 137 mmol/L NaC1, 10% glycerol, 1% Nonidet P-40) containing 1 mmol/L phenyl methylsulfonyl fluoride (PMSF Sigma), 0.15 U/mL aprotinin (Sigma), 10 mmol/L EDTA, 10 kg/mL leupeptin (Sigma), 100 mmol/L sodium fluoride, and 2 mmol/L sodium orthovanadate (Sigma) at 4°C for 20 minutes. Insoluble material was removed by 10,000 x g centrifugation at 4°C for 15 minutes. The cell lysates were then frozen at -80°C until use. In some experiments, cells were treated with genistein for 3 or 15 hours before stimulation with SCF.
Cell lysates (10 pL) were mixed with 5 pL of 3 x sodium dodecyl sulfate (SDS) sample buffer with 2-mercaptoethanol, heated at 100°C for 5 minutes, and subjected to SDS-polyacrylamide gel electrophoresis (SDS-PAGE) using 5% to 20% polyacrylamide gradient gel (Atto, Tokyo, Japan). After electrophoresis, proteins were electrophoretically transferred at 0. 
Gel electrophoresb and immunoblotting.
Tween 20) and incubated overnight with antiphosphotyrosine monoclonal antibody (1.5 p,g/mL in TBST). After four washings in TBST, the blots were incubated for 2 hours with alkaline phosphatase-conjugated anti-mouse IgG (Promega, Madison, WI) diluted to 1:2,000 in TBST, and washed three times in TBST. Antibody reactions were developed for 10 to 30 minutes in a solution containing 100 mmol/L Tris-HCI, pH 9.5, 100 mmol/L NaC1, 5 mmol/L MgCl,, 330 p,g/mL Nitro blue tetrazolium, and 150 pg/mL 5-bromo-4-chloro-3-indolyl phosphate. Enzymatic color development was stopped by rinsing the filters in deionized water.
o.21 Northern blot anabsis. Total cellular RNA was isolated with a guanidine isocyanate method combined with cesium chloride modification." Equal amounts of RNA (15 pg) were sizefractionated by electrophoresis through 1% agarose gel containing 2.2 mol/L formaldehyde. Before transfer to nitrocellulose filters, the ethidium bromide-stained gels were visualized under UV illumination to determine the position of the ribosomal RNA band, and to verify that equal amounts of RNA had been loaded. The c-kit probe was obtained from American Type Culture Collection (ATCC, Bethesda, MD). The probe consisted of the 1.3-kb SsfI fragment derived from phckit-171 which encodes part of the extracellular domain of c-kit. The @-actin probe was purchased from Nippon Gene (Toyama, Japan). After prehybridization, the filters were hybridized with random '*P-labeled probes. The filters were then washed and autoradiographed with two intensifying screens. Tonsillar mononuclear cells (MNC) were used as negative, and HEL cells as positive controls."
The lysates from F-CM-stimulated or unstimulated IO' M 0 7 E cells were precleared with 5 pL of normal rabbit serum and protein A-Sepharose beads (Pharmacia, Uppsala, Sweden) for 2 hours at 4°C. The precleared lysates were then incubated with 5 pL of rabbit c-kit peptide antiserum and protein A-Sepharose beads to collect the antigen-antibody complexes. The immunoprecipitates were washed five times with lysis buffer containing protease and phosphatase inhibitors as described above, resuspended in 60 pL of SDS sample buffer, and boiled. Equal volumes of the sample (15 p L per lane) were subjected to SDS-PAGE, and immunoblotting was performed with the antiphosphotyrosine antibody. The same filter was then incubated with a rabbit c-kif peptide antiserum diluted to 1:2,500 in TBST. In this experiment, alkaline phosphatase-conjugated anti-rabbit IgG (Promega) was used as the second antibody.
The immunoprecipitates with rabbit c-kit peptide antiserum and protein A-Sepharose beads (from 10' M 0 7 E cells stimulated with F-CM for 0, 3, or 15 minutes) were washed once with PBS, twice with 0.5 mol/L LiCl and 50 mmol/LTris-HCI, pH 7.4, and once with kinase buffer (10 mmol/L MnCI,, 20 mmol/L Tris-HCI, pH 7.4) at 4°C. Next, the immunoprecipitates were incubated for 10 minutes at 25°C in 40 pL of kinase buffer containing 10 pCi y-"P-adenosine triphosphate (ATP) (4,500 Ci/mmol, ICN).2J SDS sample buffer ( 3~) was Immunoprecipitation.
Immune compler kinase assay. added to stop the reaction, followed by boiling at 100°C for 5 minutes. Equal volumes of the sample (15 pL per lane) were subjected to SDS-PAGE, and the gel was stained with Coomassie Blue solution to determine the position of molecular weight markers and to verify that equal amounts of protein had been loaded. The gel was dried with a gel drier, and the radioactive 
RESULTS
Proliferation of M07E cells was examined with the MTT colorimetric method, 'Hthymidine incorporation, and cell enumeration assay. F-CM clearly enhanced the proliferation of M07E cells, as well as of rhGM-CSF (Table 1) . Since these three methods yielded comparable results, we assessed cell proliferation in the following experiments mainly with the MTT assay. Next, to investigate whether or not this proliferation was induced by the activation of tyrosine kinase, we examined the effect of a nonspecific tyrosine kinase inhibitor, gcnistein. A control culture containing DMSO showed no influence on cell proliferation, while gcnistein significantly inhibited both Proliferation of MO7E cells. (Fig 1) . However, the doseresponse experiments with genistein showed the F-CMinduced proliferation of M07E cells to be more susceptible to genistein than the GM-CSF-induced one. It is unlikely that this inhibitory effect resulted from genistein drug toxicity for the following reasons: The viability of M07E cells cultured in ASF-102 medium without growth factors was not affected by the addition of genistein, and more than 80% of the cells remained viable after 15 hours in the presence of genistein (30 pg/mL).
F-CM-and GM-CSF-induced proliferation of M07E cells in a dose-dependent manner
Tyrosine-phosphotylution of a 145-to 165-Kdprotein srimuluted by F-CM. To determine if F-CM activates tyrosine kinase activity in M07E cells, we investigated the pattern of tyrosine-phosphoproteins by immunoblotting with a monoclonal antibody specific for phosphotyrosinc. The onset of F-CM-induced tyrosine-phosphorylation of the proteins, particularly at a molecular weight of 145 to 165 Kd, was observed within 1 minute, and the maximum tyrosinephosphorylation after 15 minutes (Fig 2) . To examine whether the proliferation of M07E cells was related to the tyrosine-phosphorylation of this 145-to 165-Kd protein, these two items were investigated at various concentrations of F-CM. As shown in product is reported to have a molecular weight of 145 Kd'; it is therefore probable that this phosphorylation was due primarily to the increased tyrosine-phosphorylation of c-kit product. To confirm this, we conducted a Northern blot analysis for c-kit mRNA transcript and an immunoprecipitation study using rabbit c-kit peptide antiserum for c-kit product. M 0 7 E cells expressed a large amount of c-kit mRNA (Fig 4) , while immunoprecipitated c-kit protein was found to be tyrosine-phosphorylated by F-CM stimulation at a molecular weight of 145 to 165 Kd (Fig 5) . These results clearly demonstrate that F-CM induced tyrosine-phosphorylation of c-kit product expressed in M 0 7 E cells. In addition, we used an in vitro immunc complex kinase assay to examine whether F-CM actually changed tyrosine kinase activity of c-kit product. Densitometric analysis showed that stimulation with F-CM for 3 minutes induced a 1.7-fold, and for 15 minutes a 4.5-fold, increase in autophosphorylation of the c-kit product (Fig 6) . In contrast to F-CM, GM-CSF neither induced tyrosine-phosphorylation of c-kit product nor activated its autokinase activity (data not shown).
To directly demonstrate that the proliferation of M 0 7 E cells was mediated through the activation of c-kit product by c-kit ligand, we studied the effect of rhSCF on M 0 7 E cells. SCF induced a dose-dependent proliferation of M 0 7 E cells and a tyrosine-phosphorylation of c-kit product in the range from 1 to 200 ng/mL (Fig 7; unpublished observation) . Further, genistein inhibited both the proliferation of M 0 7 E cells and the tyrosine-phosphorylation of c-kit product induced by SCF (Fig 7) . This inhibitory effect on the tyrosine-phosphorylation was dependent on both the concentration of genistein (30 pg/mL > 10 Fg/mL) and the length of the treatment with genistein (15 hours > 3 hours) (data not shown). In this experiment, DMSO did not affect either proliferation or tyrosine-phosphorylation, while the inhibitory effect of genistein is unlikely to have resulted from drug toxicity, as explained earlier. 
DISCUSSION
In this study, we investigated whether M07E cells, which express early megakaryocytes and erythroid lineage marke r~, '~~" proliferate through the activation of tyrosine kinase, especially of c-kit product.
Stimulation of M07E cells with BALB/3T3 F-CM, which contains SCF, resulted in tyrosine-phosphorylation of the c-kit product, accompanied by an increase in the tyrosine kinase activity. Further, the proliferation of M07E cells roughly paralleled the degree of tyrosine-phosphorylation of c-kit product, while both the proliferation and tyrosinephosphorylation were inhibited by genistein in a dosedependent manner. These results indicate that the proliferation of M07E cells was mediated through the activation of c-kit product.
GM-CSF also induced proliferation of M07E cells, and this proliferation was inhibited by genistein. GM-CSFinduced tyrosine kinase activity is important for the factordependent proliferation of M07E cells." However, GM-CSF did not induce the tyrosine-phosphorylation of c-kit product. These results demonstrate that GM-CSF did not transactivate c-kit product, and that the GM-CSF-induced proliferative signal was mediated by some tyrosine kinase other than c-kit product.
The physiological role of c-kit product activation is not yet clearly understood, but some information could be obtained from WI W y mice, which are defective in tyrosine kinase activity of c-kit product.6 In a murine in vitro culture system, IL-3 in combination with erythropoietin (EPO) was able to stimulate the formation of erythroid bursts from the bone marrow of W / W mice, as well as of normal mice. 6 However, such an in vitro effect of IL-3 contradicts its in vivo effect on erythropoiesis. Although W / W mice have a normal potential of IL-3 production, W / W mice are actually anemic.25326 Furthermore, the anemia of W I T mice is not improved by the perfusion of IL-3.% These facts suggest that c-kit plays an essential role in constitutive erythroid hematopoiesis in vivo. We have shown that proliferation of M07E cells is stimulated by SCF in vitro. This result suggests that the in vivo proliferation of some leukemia cells is modulated by constitutive hematopoietic mechanisms, such as the interaction of c-kit product and SCF.
SCF alone has only a modest effect on early myeloid and lymphoid cells, but it synergizes with other factor^.'^^^'^ In particular, SCF stimulates the formation of erythroid bursts from unfractionated bone marrow cells in the presence of EP0.8,'2327 However, the direct effect of SCF on the formation of erythroid bursts has not been demonstrated, since the involvement of accessory cells or other endogenous growth factors cannot be excluded. In this connection, the results of our study provide evidence that in a human pure cell population c-kit ligand directly activates the c-kit product in association with proliferation. This also suggests that the response of early erythroid/megakaryocyte progenitors to c-kit ligand might be, at least partially, proliferative.
